This review discusses the organization and regulation of the glycolytic pathway in plants and compares and contrasts plant and nonplant glycolysis. Plant glycolysis exists both in the cytosol and plastid, and the parallel reactions are catalyzed by distinct nuclear-encoded isozymes. Cytosolic glycolysis is a complex network containing alternative enzymatic reactions. Two alternate cytosolic reactions enhance the pathway's ATP yield through the use of pyrophosphate in place of ATP. The cytosolic glycolytic network may provide an essential metabolic flexibility that facilitates plant development and acclimation to environmental stress. The regulation of plant glycolytic flux is assessed, with a focus on the fine control of enzymes involved in the metabolism of fructose-6-phosphate and phosphoenolpyruvate. Plant and nonplant glycolysis are regulated from the "bottom up" and "top down," respectively. Research on tissue-and developmental-specific isozymes of plant glycolytic enzymes is summarized. Potential pitfalls associated with studies of glycolytic enzymes are considered. Some glycolytic enzymes may be multifunctional proteins involved in processes other than carbohydrate metabolism.
INTRODUCTION
In about 1940, glycolysis became the first major metabolic pathway to be fully elucidated, an achievement that was instrumental in the development of many experimental and conceptual aspects of modern biochemistry. Subsequent studies of glycolysis have shown that it is the "central" metabolic pathway that is present, at least in part, in all organisms. Glycolysis is an excellent example of how (a) a ubiquitous metabolic pathway can show significant differences in terms of its roles, structure, regulation, and compartmentation in different phyla, and even within different cells of the same species; (b) the function of the ATP/ADP system in biological energy transduction can be replaced or augmented by the pyrophosphate/orthophosphate (PPi/Pi) system; and (c) the various mechanisms of metabolic regulation apply to a specific pathway in vivo. Glycolysis is also directly involved in many biochemical adaptations of plant and nonplant species to environmental stresses such as nutrient limitation, osmotic stress, drought, cold/freezing, and anoxia. Several reviews concerning plant glycolysis have appeared in the past decade (3, 4, 12, 14, 24, 32, 37, 39, 40, 68, 92, 108, 111, 135, 136, 140) . This review considers the organization and regulation of the glycolytic pathway in plants and compares and contrasts plant glycolysis with its counterpart in nonplant systems.
The Functions of Glycolysis
Glycolysis evolved as a catabolic anaerobic pathway to fulfil two fundamental roles. It oxidizes hexoses to generate ATP, reductant, and pyruvate, and it produces building blocks for anabolism. Glycolysis is also an amphibolic pathway because it can function in reverse to generate hexoses from various lowmolecular-weight compounds in energy-dependent gluconeogenesis. Much attention has been devoted to determining the mechanisms by which the opposing processes of glycolysis and gluconeogenesis are reciprocally regulated in vivo.
In contrast with animal mitochondria, which frequently respire fatty acids and glycolytically derived pyruvate, plant mitochondria rarely respire fatty acids (5). Glycolysis is thus of crucial importance in plants because it is the predominant pathway that "fuels" plant respiration. Moreover, a significant pro-portion of the carbon that enters the plant glycolytic and tricarboxylic acid (TCA) cycle pathways is not oxidized to CO 2 but is utilized in the biosynthesis of numerous compounds such as secondary metabolites, isoprenoids, amino acids, nucleic acids, and fatty acids. The biosynthetic role of glycolysis and respiration is particularly important in actively growing autotrophic tissues (5).
THE ORGANIZATION OF PLANT GLYCOLYSIS
So-called classical glycolysis, which occurs in most nonplant organisms (Figure 1a) , is the cytosolic linear sequence of 10 enzymatic reactions that catalyze the net reaction: glucose + 2 ADP + 2 Pi + 2 NAD + → 2 pyruvate + 2 ATP + 2 NADH.
Although higher plants use sucrose and starch as the principal substrates for glycolysis, they are known to metabolize the immediate products of sucrose and starch breakdown via the classic intermediates of glycolysis ( Figure  1b ) (3, 4, 32, 136) . Nevertheless, as outlined in Figure 1 , there are several profound differences in structural and associated bioenergetic features of the glycolytic pathway in plant vs nonplant organisms.
Compartmentation of Glycolysis
The sequential conversion of hexoses to pyruvate in plants can occur independently in either of two subcellular compartments, the cytosol and plastid (Figure 1b) . Compartmentation concentrates enzymes of a pathway and their associated metabolites and prevents the simultaneous occurrence of potentially incompatible metabolic processes (38). The integration of cellular metabolism necessitates controlled interactions between pathways sequestered in various subcellular compartments. Thus, plastidic and cytosolic glycolysis can interact through the action of highly selective transporters present in the inner plastid envelope (Figure 1b) (46) . The prime functions of glycolysis in chloroplasts in the dark and in nonphotosynthetic plastids are to participate in the breakdown of starch as well as to generate carbon skeletons, reductant, and ATP for anabolic pathways such as fatty acid synthesis (14, 37, 40, 46). Although plastids from several nonphotosynthetic tissues, including developing wheat and castor seeds, have been found to possess all the enzymes of glycolysis from glucose to pyruvate, some chloroplasts may lack one or several of the enzymes of the lower half of glycolysis (e.g. enolase and phosphoglyceromutase) (40, 46, 92) . In contrast, the cytosol of many unicellular green algae appears to lack a complete glycolytic pathway (and is generally deficient in the enzymes of the upper half of glycolysis), whereas their chloroplasts seem to contain the entire suite of glycolytic enzymes (68, 128) . This is because starch is the dominant respiratory fuel for algae, and sucrose is relatively unimportant in algal carbon metabolism (68). The enzymes that catalyze the numbered reactions are as follows: 1, hexokinase; 2, phosphorylase; 3, phosphoglucomutase; 4, phosphoglucose isomerase; 5, PFK; 6, ALD; 7, triose phosphate isomerase; 8, NAD-dependent GAPDH (phosphorylating); 9, 3-PGA kinase; 10, phosphoglyceromutase; 11, enolase; 12, PK; 13, invertase; 14, sucrose synthase; 15, UDP-glucose pyrophosphorylase; 16, nucleoside diphosphate kinase; 17, α-and β-amylases; 18, PFP; 19, NADP-dependent GAPDH (nonphosphorylating); 20, PEPase; 21, PEPC; 22, MDH; 23, ME. Abbreviations are as in the text or as follows: Glu-1-P, glucose-1-phosphate; DHAP, dihydroxyacetone phosphate; G3P, glyceraldehyde-3-phosphate; 1,3-DPGA, 1,3-diphosphoglycerate; 2-PGA, 2-phosphoglycerate; OAA, oxaloacetate. →, indicates physiologically irreversible reactions; 3 or ↔ indicate physiologically reversible reactions. Note that the number of substrate and product molecules in all reactions from G3P to pyruvate should be doubled because two molecules of G3P are formed from one molecule of hexose. The parallel plastidic and cytosolic glycolytic reactions are believed to be catalyzed by isozymes encoded by distinct nuclear genes (14, 32, 57, 58, 61, 91, 111). The relative proportions of the isozymes can vary, not only according to the type of tissue and its developmental stage but also as a result of alterations in the plant's environmental or nutritional status (24, 37, 38, 40, 52, 93, 126). The cytosolic and plastidic isozymes can be nearly identical, except for differences in charge, or, in the case of key regulatory enzymes such as ATP-dependent phosphofructokinase (PFK) (22, 29, 39, 78) and pyruvate kinase (PK) (52, 85, 86, 106, 110a, 111, 126) , the differences in physical, immunological, and kinetic properties can be profound. Plastidic glycolytic enzymes are thought to be synthesized as inactive precursors on ribosomes in the cytosol, followed by their import into the organelle with concomitant cleavage of an N-terminal transit peptide (15, 48).
EVOLUTION OF CYTOSOLIC AND PLASTIDIC GLYCOLYTIC ISOZYMES Gene pairs encoding plastidic and cytosolic isozymes could have evolved from duplications of common ancestral nuclear genes, or the genes encoding plastidic isozymes may have been transferred to the nucleus from the genome of the prokaryotic symbiont thought to have given rise to plastids (46). The former possibility appears to be the case for plastidic and cytosolic fructose bisphosphate aldolases (ALDs), which both appear to belong to the eukaryotic family of class I ALDs (128) . Likewise, DNA sequence analyses of triose phosphate isomerase and NAD + -dependent glyceraldehyde-3-phosphate dehydrogenase
(NAD-GAPDH) demonstrated that the plastidic isozymes arose via duplication of the preexisting nuclear counterparts for the corresponding cytosolic isozyme (61, 91). In contrast, the gene and/or derived amino acid sequences encoding cytosolic and plastidic isozymes of PK (PK c and PK p , respectively) and hexosephosphate isomerase show closer respective homologies to their eukaryotic and prokaryotic counterparts (16, 17, 57, 58) . Similarly, immunoblot and peptide mapping analyses demonstrated that PK p from the green alga Selenastrum minutum is more closely related to a bacterial PK than it is to S. minutum PK c or rabbit muscle PK (76) .
The Glycolytic Network of the Plant Cytosol
The cytosolic glycolytic pathway is a complex network containing parallel enzymatic reactions at the level of sucrose, fructose-6-phosphate (Fru-6-P), glyceraldehyde-3-phosphate, and phosphoenolpyruvate (PEP) metabolism (136, 140) (Figure 1b ). An ongoing and challenging problem has been to elucidate the respective role(s), regulation, and relative importance of the various alternative reactions of plant cytosolic glycolysis. The cytosolic glycolytic network is proposed to furnish plants with the requisite metabolic options needed to facilitate their development and to acclimate to unavoidable environmental stresses such as anoxia and Pi starvation (90, 136, 140) . A funda-mental characteristic of cytosolic glycolysis is the existence of two alternative reactions that can utilize PPi rather than nucleoside triphosphates (NTPs) as a phosphoryl donor (Figure 1b) .
PPi: AN AUTONOMOUS ENERGY DONOR OF THE PLANT CYTOSOL PPi is a byproduct of a host of reactions involved in macromolecule biosynthesis. One dogma of cellular bioenergetics is that the anhydride bond of PPi is never utilized and that PPi produced in anabolism is always removed by the hydrolytic action of an inorganic alkaline pyrophosphatase (PPiase), thereby providing a thermodynamic "pull" for biosynthetic processes. Macromolecule biosynthesis, however, remains thermodynamically favorable no matter how the low concentration of PPi is maintained, whether by hydrolysis or by some other means, including the utilization of the high energy of the PPi bond (148) . The importance of PPi in the glycolytic metabolism of some organisms was discovered in research on so-called energy-poor anaerobic microorganisms such as the bacteria Priopionibacterium shermanii and parasitic amoeba Entamoeba histolytica (148) . These species have no PFK but instead convert Fru-6-P to fructose-1,6-bisphosphate (Fru-1,6-P 2 ) via a PPi-dependent phosphofructokinase (PFP). They also lack PK but employ PPi to convert PEP and AMP into pyruvate, ATP and Pi via pyruvate, Pi dikinase (PPDK), thereby converting the bond energy of PPi into a high-energy phosphate of ATP. Owing to their use of PFP and PPDK, these organisms are theoretically able to yield 5 ATP instead of 2 per glucose degraded to pyruvate. This obviously represents a considerable energetic advantage for obligate anaerobes such as P. shermanii and E. histolytica.
The discovery in 1979 of the strictly cytosolic PFP in plants (27) and the subsequent observation of its potent activation by µM levels of the regulatory metabolite fructose-2,6-bisphosphate (Fru-2,6-P 2 ) (125) led to a surge of research on the role of PPi in plant sugar-phosphate metabolism. Because PFP catalyzes a reaction that is readily reversible (K eq = 3.3) and is close to equilibrium in vivo (24, 82, 135) , it could theoretically catalyze a net flux in the direction of glycolysis or gluconeogenesis. Possible functions of PFP as a glycolytic or gluconeogenic enzyme have been reviewed (12, 14, 24, 39, 135, 136, 140) . PFP activity and molecular composition depend on a variety of environmental, developmental, species-and tissue-specific cues. Recent reports describe the production of transgenic potato plants exhibiting significantly lower expression of PFP (56) or overexpression of mammalian 6-phosphofructo-2-kinase (81) . Metabolite studies of the transgenic plants led both groups to conclude that PFP catalyzes a net glycolytic flux in potato tubers.
The plant cytosol lacks soluble inorganic alkaline PPiase and consequently contains PPi concentrations of up to 0.3 mM (3, 4, 135, 145) . Moreover, PPi levels of plant cells are remarkably insensitive to environmental perturbations that elicit significant decreases in NTP pools (35, 44, 94, 140) . The significance of PPi in plant metabolism was recently demonstrated by the introduction of the Escherichia coli inorganic PPiase gene into tobacco and potato plants under control of a constitutive promoter (70). Expression of the E. coli PPiase in the cytosol reduced PPi levels by up to threefold and led to a dramatic inhibition of plant growth (70). To assess the relative importance of PPi vs ATP as an energy donor in the plant cytosol, Davies et al (36) computed the standard free energy changes for PPi and ATP hydrolysis under a variety of cytosolic conditions. The results indicate that PPi would be particularly favored as a phosphoryl donor, relative to ATP, under cytosolic conditions known to accompany stresses such as anoxia or nutritional Pi deprivation. These results underscore the importance of PPi as an autonomous energy donor of the plant cytosol. In support, tolerance of acclimated maize root tips to anoxia is not critically dependent upon high energy charge (150) .
Apart from PFP, PPi could be employed as an energy donor for two other cytosolic reactions: (a) the conversion of UDP-glucose to UTP and glucose-1-phosphate catalyzed by UDP-glucose pyrophosphorylase (Figure 1b) , and (b) the PPi-dependent H + -pump of the tonoplast. The H + -PPiase is one of two primary H + -pumps residing at the tonoplast; the other is an H + -ATPase (36). That PPi-powered processes may be a crucial facet of the metabolic adaptations of plants to environmental stresses that cause depressed NTP (but not PPi) pools is indicated by the significant induction of: (a) sucrose synthase (Figure 1b) . Assuming that PPi is a by-product of anabolism, no ATP is needed for the conversion of sucrose to hexose-Ps via the sucrose synthase pathway, whereas 2 ATPs are needed for the invertase pathway. Mertens (90) argued that PFP functions in glycolysis in anoxic rice seedlings because both PFP activity and the level of Fru-2,6-P 2 increase, while PFK activity declines. Thus, the net yield of ATP obtained during glycolytic fermentation of sucrose is increased from 4 to 8 if sucrose is metabolized via the sucrose synthase and PFP bypasses, relative to the invertase and PFK pathways (Figure 1b) .
THE UNIQUE FLEXIBILITY OF PLANT PHOSPHOENOLPYRUVATE METABOLISM
PEP is able to generate a large amount of energy for anabolism (it occupies the highest position on the thermodynamic scale of known phosphorylated metabolites) and participates in a wide range of reactions by enzymatic cleavage on ei-ther side of its enol oxygen atom (111) . It is also both a key allosteric effector of a number of plant enzymes as well as a major branchpoint leading into a variety of primary and secondary metabolic pathways.
Plant cells have been proposed to employ two alternative metabolic routes to indirectly or directly circumvent the reaction catalyzed by PK c (Figure 1b) . PEP carboxylase (PEPC), a ubiquitous plant cytosolic enzyme, plays the important role in C 3 plants and nonphotosynthetic tissues of C 4 and Crassulacean acid metabolism plants of replenishing TCA cycle intermediates consumed in biosynthesis (30, 67, 68). However, together with cytosolic malate dehydrogenase (MDH) and the mitochondrial NAD-dependent malic enzyme (ME), PEPC can also function as a glycolytic enzyme by indirectly bypassing the reaction catalyzed by PK c (Figure 1b) . On the basis of pulse-chase radiolabeling experiments using NaH 14 CO 3 , it was concluded that this bypass operates in roots of Pisum sativum (26). The PEPC-MDH-ME bypass of PK c is thought to be important during nutritional Pi deprivation when PK c activity may become ADP limited (102, 138, 140) . Compared to nutrient-sufficient controls, PEPC activity was five-and threefold greater in extracts of Pideficient B. nigra and Catharanthus roseus suspension cells, respectively (44, 102). Metabolite determinations and kinetic studies of PK c and PEPC in C. roseus suggested that the contribution of PEPC to the metabolism of PEP increased in Pi-starved cells in vivo (102) . Further evidence for the operation of this PK c bypass in Pi starved C. roseus was provided by the rapid release of 14 CO 2 from organic compounds derived from fixed NaH 14 CO 3 and from [4-14 C]malate (102) . In addition, dark CO 2 fixation rates of S. minutum and proteoid roots of Lupinus albus were found to increase with Pi limitation, while respiration declined (71, 138) . This suggested that the Pi-starvation-dependent in vitro and in vivo elevations of C. roseus, S. minutum, and L. albus PEPC activities were in response to increased demands for pyruvate and/or Pi recycling.
A variation on this scheme occurs in developing oil seeds where PEPC, in concert with cytosolic MDH and plastidic NADP-ME, may provide an alternative to PK p to supply pyruvate for fatty acid biosynthesis (111, 127, 133) (Figure 1b) . Malate is an excellent exogenous substrate for fatty acid biosynthesis by isolated leucoplasts of developing Ricinus communis seeds (133) . Relative to most nonphotosynthetic tissues, the PEPC activity in developing R. communis and B. napus seeds is substantial (127) . Furthermore, the most significant increase in the activity and concentration of PEPC in developing R. communis endosperm coincides with the tissue's most active phase of storage oil accumulation (127) . All of the reductant required for carbon incorporation into fatty acids is produced as a consequence of the metabolism of malate to acetyl-CoA through the leucoplast-localized NADP-ME and pyruvate dehydrogenase complex (133) . However, fatty acid synthesis also requires a source of ATP (for acetyl-CoA carboxylase), and serving as this source may be an indispensable function for the 3-phosphoglycerate kinase and PK p of leucoplastic glycolysis (Figure 1b) . The respective contributions of the leucoplastic glycolysis vs PEPC-MDH-ME pathways for supporting oilseed fatty acid synthesis require clarification. It has been suggested that the relative importance of each route varies diurnally according to the rate of photosynthate import from source tissues (111) .
PEP phosphatase: a glycolytic enzyme? It has long been recognized that a PEP phosphatase (PEPase) activity often interferes with the determination of plant PK activity (3, 108, 111). PEPase activity was generally attributed to a nonspecific acid phosphatase (APase). However, two dissimilar plant phosphatases exhibiting exceptional selectivity for PEP have been isolated (42, 88). Although a PEP-specific alkaline phosphatase was purified and characterized from germinating mung beans (88), a subsequent study provided immunological and kinetic evidence suggesting that this activity arose from PK c during its purification (114). In contrast, a PEP-specific APase that is physically and immunologically distinct from PK c was purified to homogeneity from heterotrophic B. nigra suspension cells (42). Although its substrate specificity was nonabsolute, this APase was designated as a PEPase because of its extremely low K m for PEP of about 50 µM (a value equivalent to those reported for various plant PK c s) (86, 115, 116, 119, 149) and because its specificity constant (V max /K m ) for PEP was at least sixfold higher than that obtained for any of the other of 14 nonsynthetic substrates identified (42).
B. nigra PEPase demonstrated potent inhibition by Pi (42), and its specific activity was increased more than ten-fold following Pi-deprivation (44). Similar results have been reported for the PEPase of Pi-limited S. minutum (138) . PEPase may function to directly bypass the ADP-limited PK c and to recycle intracellular Pi during Pi starvation of B. nigra and S. minutum (44, 138, 140) . Immunoquantification studies have revealed that the significant induction of B. nigra PEPase activity during Pi stress arises from de novo synthesis of PEPase protein (45). According to the "glycolytic bypass" theory for PEPase, as B. nigra PEPase is localized in the cell vacuole (43) Pi-depleted B. nigra suspension cells transport PEP into-and pyruvate out of-it ( Figure 1b ). Future studies must evaluate whether the tonoplast of Pi-starved plant cells is permeable to PEP and pyruvate. However, movement of PEP into the vacuole is electrogenically feasible, because at the alkaline pH of the cytosol it would carry three net negative charges (E Blumwald, personal communication).
Transgenic tobacco plants lacking cytosolic pyruvate kinase in their leaves
Transformation of tobacco (Nicotiana tabacum) with a vector that was designed to examine the impact of overexpressing potato PK c unexpectedly led to the pro-duction of plants that specifically lacked PK c in their leaves as a result of cosuppression (53). The primary tobacco transformants showed no alteration in shoot growth, morphology, photosynthesis, or respiration (53). Analysis of the homozygous offspring of these transformants, which either lacked PK c in their leaves (PK c −) or were genetically equivalent to wild type (PK c +), led to these major (77) results and conclusions:
1. The absence of leaf PK c had a particularly deleterious effect on root development, which may be the first example where a specific "knockout" of an enzyme in one tissue exerts a maximal detrimental effect in a different tissue where the same enzyme is expressed normally. 2. Partially purified tobacco leaf PK c displayed regulatory properties consistent with PK c 's involvement in controlling respiratory C-flow to support N-assimilation by glutamine synthetase/glutamate-oxoglutarate aminotransferase. That the regulation of N-metabolism was impaired in eightweek-old PK c − plants was indicated by the elevated free amino acid content of their leaves. The PK c − plants also had significantly reduced starch, glucose, and hexose-P levels in leaves and roots accompanied by enhanced rates of photosynthesis and dark respiration in leaves. Although the metabolic basis for these observations remains to be determined, the analysis proves that plants contain metabolic bypasses to PK c . In contrast, PK bypasses are absent in yeast, E. coli, and animals (cited in 53). 3. Leaves of the PK c − plants contained twofold more PEPase activity than did the PK c + controls, whereas activities of PEPC, PFK, and PFP were unaffected. This indicates that PEPase might be acting to circumvent the PK c reaction in the PK c − leaves.
Overall, these results illustrate the remarkable flexibility of plant PEP metabolism. This flexibility is probably an evolutionary adaptation to the stresses that plants are exposed to in a fluctuating environment.
THE REGULATION OF PLANT GLYCOLYSIS
The magnitude of metabolite flux through any metabolic pathway depends upon the activities of the individual enzymes involved. "Coarse" and/or "fine" metabolic controls can vary the reaction velocity of a particular enzyme in vivo (32, 107). Coarse control is achieved through varying the total population of enzyme molecules via alterations in the rates of enzyme biosynthesis or proteolysis; it most frequently comes into play during tissue differentiation or long-term environmental (adaptive) changes (107) . By modulating the activity of preexisting enzymes, fine controls function as "metabolic transducers" that sense the momentary metabolic requirements of the cell and adjust the rate of metabolite flux through the various pathways accordingly. 73, 92) . Although an understanding of the transcriptional and translational regulation of genes encoding enzymes such as PFP, phosphoglyceromutase, enolase, PK c , PK p , and PEPC is beginning to emerge (13, 15, 30, 47, 49, 52, 66, 83), very little is known about how the proteolytic turnover of plant glycolytic enzymes is regulated. Analysis of PK c and PK p at the mRNA and protein levels in developing tobacco seeds demonstrated that the expression of these isozymes may be controlled by independent transcriptional and posttranscriptional mechanisms, and that PK p has a much greater rate of turnover than PK c (52). An asparginyl endopeptidase has been suggested to be involved in the turnover of PK p in developing R. communis seeds (34, 109), whereas Vicia fabia PEPC appears to be degraded via ubiquitindependent proteolysis (131) .
Coarse Metabolic Control of Plant Glycolysis

Fine Metabolic Control of Plant Glycolysis
Diverse fine control mechanisms have evolved to regulate the interplay of glycolysis with its associated pathways and to coordinate glycolytic flux with cellular needs for energy and anabolic precursors. Quantitative and qualitative approaches have been used to identify these control mechanisms (6, 32, 48).
CONTROL ANALYSIS One important approach to metabolic regulation is the control analysis theory and the analytical tools used to implement it (6). The goal of control analysis is to elucidate key points of regulation in vivo without relying on preconceived notions as to which pathway enzymes are "ratedetermining-steps." Control analysis of nonplant glycolysis clearly shows that the contribution of the various enzymes to the overall flux control is highly dependent upon the organism, tissue, and physiological condition (48). Changes in physiological conditions may cause a redistribution of the control that each enzyme exerts on glycolytic flux, and this undoubtedly applies to plant glycolysis. However, because plant glycolysis is a complex network rather than a strictly cytosolic linear pathway, the practical use of control analysis for analyzing glycolytic pathway regulation in plants may prove difficult. Readers are referred to a recent review (6) for further insights concerning the application of control analysis to plant metabolism.
KEY REGULATORY ENZYMES OF GLYCOLYSIS The traditional (or qualitative) approach to metabolic regulation involves identifying the so-called key regula-tory enzymes of a pathway and the mechanisms whereby their activities are controlled in vivo. These reactions are often characterized by their strategic position in a pathway-by being greatly displaced from equilibrium in vivo-and they were classically recognized by showing that their substrate(s) to product(s) concentration ratio changed in the opposite direction to the flux when the latter was varied (6, 32). Elucidation of the fine control of plant glycolysis is complicated by the alternative glycolytic reactions that exist in the plant cytosol (Figure 1b) . Flexibility in the structure of cytosolic glycolysis necessarily implies flexibility in glycolytic regulation, and the regulation will vary according to the specific tissue, its developmental stage, and the external environment. Nevertheless, various approaches have demonstrated that, as in nonplant systems, fine control of plant glycolysis is primarily exerted by those enzymes that catalyze reactions involved in the conversion of hexose to hexose-P, Fru-6-P to Fru-1,6-P 2 , and PEP to pyruvate (32, 82, 92). It has been argued that the first committed step of plant glycolysis is the conversion of Fru-6-P to Fru-1,6-P 2 (39). I concentrate on the fine control of the glycolytic sequence from Fru-6-P to pyruvate. The study of plant glycolytic regulation has been facilitated by advances in protein purification technologies that have made it possible to fully purify-and thus more thoroughly characterize-PFP ( 
SPECIFIC MECHANISMS OF FINE CONTROL AS APPLIED TO PLANT GLYCOLYTIC
REGULATION At least six mechanisms of fine control can modulate the activities of preexisting enzymes: variation in substrate(s) and cofactor concentrations, variation in pH, metabolite effectors, subunit associationdisassociation, reversible covalent modification, and reversible associations of metabolically sequential enzymes (107) . These fine controls often interact with or may actually be dependent upon one another. Examples of how each mechanism may apply to the regulation of plant glycolysis are briefly considered below.
Fine control #1: variation in substrate(s) or cofactor concentration
Changes in substrate concentrations that normally occur in vivo are generally not significant in metabolic regulation (107) . Nevertheless, regulation of several plant glycolytic enzymes may be achieved, in part, through changes in a substrate. For example, the initial activation of PK c that accompanies N-or Presupply to nutrient-limited S. minutum has been proposed to arise from a release of ADP-limitation of the enzyme (50, 68). Similarly, the low affinity of soybean nodule cytosolic NAD-GAPDH for its cosubstrate Pi (K m = 9 mM) has been postulated to make it responsive to changes in Pi levels that could occur in vivo (33).
During long-term Pi deprivation, cellular pools of adenylates and Pi become severely depressed (8b, 35, 43, 138, 140) . This process has been proposed to restrict the activities of the adenylate-dependent (e.g. PFK, 3-phosphoglycerate kinase, and PK) and Pi-dependent (e.g. NAD-GAPDH) glycolytic enzymes as well as the phosphorylating (cytochrome) pathway of mitochondrial respiration. As a consequence, the flux of hexose-P through inducible adenylate-and Pi-independent cytosolic glycolytic bypasses (i.e. PFP, irreversible nonphosphorylating NADP-GAPDH, PEPase, and PEPC) ( Figure  1b ) may be promoted, concomitant with an increased participation of the nonphosphorylating cyanide-and rotenone-insensitive alternative pathways of mitochondrial electron transport (44, 102, 137-140).
Fine control #2: variation in pH
The pH dependence of enzyme activity may be an important aspect of the fine control of plant glycolysis because the pH of the cytosolic and plastidic compartments can change in response to a variety of environmental factors. Inhibition of leaf PFK p activity may arise from alkalinization of the stroma that follows illumination (32). The shift from lactate to ethanol production that occurs during fermentation in many plant cells is hypothesized to be mediated by anoxia-induced reductions in cytosolic pH, which lead to stimulation of pyruvate decarboxylase (73, 92) . PEPC activity and response to metabolite effectors are well known to be sensitive to cytosolic pH changes that may occur in vivo. PEPCs from various sources including S. minutum (J Rivoal, R Dunford, WC Plaxton & DH Turpin, unpublished data), soybean nodules (130) , maize leaves (83, 112) , banana fruit (84) , and cotyledons of germinating R. communis seeds (119) demonstrate a greater activity and weaker response to various metabolite inhibitors as assay pH is increased from about pH 7 to 8. This has given rise to the proposed "pH stat" function for PEPC because its activity should increase in response to cytosolic alkalinization owing to direct pH effects on its activity as well as the enzyme's desensitization to inhibitory metabolites. It was recently reported that light-dependent alkalinization and dark-acidification of cytosol-enriched cell sap are respectively correlated with the light-activation and dark-inactivation of leaf PEPC activity, particularly in C 4 plants (120). The regulation of the PK c isoforms from endosperm and cotyledons of germinating R. communis seeds may also arise from pHdependent alterations in the enzyme's response to a variety of metabolite inhibitors (115, 119). It was proposed that an enhancement in PK c activity of germinating R. communis endosperms occurs during anaerobiosis through concerted decreases in cytosolic pH and concentrations of several key inhibitors (115), and that an enhancement in PK c activity of germinating R. communis cotyledons will arise from reduced cytosolic pH and ATP levels caused by operation of a plasmalemma H + -symport that powers the uptake of endosperm-derived sucrose and amino acids from the apoplast (119).
Fine control #3: metabolite effectors
Tissue-specific expression of kinetically distinct isoforms of key enzymes such as PEPC and PK c (see below) gives rise to several important tissue-specific differences with respect to what metabolites are key effectors of plant glycolytic enzymes. Two fundamental facets of this regulation emerge. First, adenine nucleosides (and hence energy charge) do not always play as prominent a role in regulating plant glycolysis as they do in many nonplant systems. Recall that PPi can function as an autonomous energy donor in the plant cytosol, and glycolysis in many plant tissues is key to supplying biosynthetic precursors, rather than ATP production per se. (22). Similarly, the switch from gluconeogenesis to glycolysis that follows anoxia stress in the endosperm of germinating R. communis seeds is thought to arise in part from the release of inhibition of the endosperm-specific PK c isoform by MgATP (115, 117).
A second notable attribute of plant glycolytic regulation by metabolite effectors is the ubiquitous role played by PEP, Pi, Fru-2,6-P 2 , and TCA/ glyoxylate cycle intermediates. Virtually all PFK c s and PFK p s examined to date show potent inhibition by PEP, and this inhibition is relieved by the activator Pi. It is thus the concentration ratio of Pi:PEP that is believed to be critical in regulating PFK activity in vivo (4, 32, 39, 60, 143). PEP may also allosterically inhibit ALD c , because it is a mixed-type inhibitor of the enzyme from carrot storage roots (97). In contrast with PFK, Pi is a potent inhibitor of PFP in the forward direction (87, 135) and PEPase (42). The large (up to 50-fold) reductions in intracellular Pi levels that follow long-term Pi starvation have, therefore, been proposed to promote the activity of PFP and PEPase while curtailing the activity of PFK c (42, 140).
The cytosolic regulatory metabolite Fru-2,6-P 2 reciprocally regulates liver glycolysis and gluconeogenesis owing to its potent activation and inhibition of PFK and FBPase, respectively (Figure 2a) (48) . In plants, Fru-2,6-P 2 activates and inhibits PFP and cytosolic FBPase, respectively, but has no effect on PFK (Figure 2b) . The metabolism and possible functions of Fru-2,6-P 2 in plants have been reviewed (135) . Although the roles of Fru-2,6-P 2 have not been fully resolved, in at least some instances it probably operates to regulate the opposing processes of gluconeogenesis and glycolysis in the plant cytosol. A rise in the cytosolic concentration ratio of Pi:3-phosphoglycerate (3-PGA) favors Fru-2,6-P 2 synthesis owing to reciprocal effects of Pi (activator) and 3-PGA (inhibitor) on 6-phosphofructo-2-kinase (135 The amino acids aspartate (Asp) and/or glutamate (Glu) are important tissue-specific effectors of several PEPCs and PK c s. Potent inhibition by Asp and Glu has been reported for PEPC from the green alga S. minutum (129) , soybean root nodules (130) , cotyledons of germinated R. communis seeds (119), and ripened banana fruit (84) . Likewise, Glu is a potent allosteric inhibitor of PK c from the green algae S. minutum (86) and Chlamydomonas reinhardtii (149), cotyledons of germinated R. communis seeds (119), and spinach and R. communis leaves (10, 65). In contrast, the activity of PK c from germinating endosperm of R. communis shows no response to any amino acid (115). The regulatory differences in germinating R. communis seed PK c isoforms are consistent with the role of the endosperm as a substrate exporter and the cotyledons as a biosynthetic tissue active in sucrose and amino acid import. The inhibition of some PEPCs and PK c s by Asp and/or Glu provides a tight feedback control that could closely balance their overall activity with the production of carbon skeletons (e.g. oxaloacetate and 2-oxoglutarate) required for NH 4 + assimilation and transamination reactions in tissues active in amino acid and protein synthesis (68).
Fine control #4: subunit association-dissociation
Regulatory enzymes invariably exist as oligomers. Many can reversibly dissociate, usually in response to effector binding. Because dissociation is often accompanied by a change in enzyme activity, it provides a mechanism for regulation (107, 142) . A recent review (142) summarized evidence indicating that this form of fine control may be important in vivo for at least 13 enzymes of nonplant carbohydrate metabolism, including mammalian PFK and PK. Likewise, subunit associationdisassociation has been suggested to regulate plant PFP (12, 39, 104, 135), PFK c (25, 39, 69b, 79, 146), PEPC (83, 112) , and PK c (79, 124) . If an enzyme can be shown to reversibly dissociate in vitro, no assumption should be made that the same process will occur in vivo until appropriate experiments indicate that the concentrations of enzyme and effectors are physiological. Although such rigorous proof is generally lacking for the aforementioned plant glycolytic enzymes, it appears likely that subunit association-disassociation will prove to be an important facet of the fine control of plant glycolytic flux in vivo.
Fine control #5: reversible covalent modification
Enzyme regulation by reversible covalent modification is the major mechanism whereby extracellular stimuli such as hormones or light coordinate the regulation of intermediary metabolism. Disulfide-dithiol and phosphorylation-dephosphorylation interconversions are the most important types of reversible covalent modification used in higher eukaryote enzyme regulation (107) .
Covalent modification by disulfide-dithiol exchange links photosynthetic electron transport flow to the light regulation of several key enzymes of the chloroplast stroma via the thioredoxin system (46, 107). This process is critical for the light-dependent activation and inhibition of the Calvin cycle and oxidative pentose phosphate pathways, respectively (46, 68). That disulfidedithiol interconversion may directly participate in the fine control of plant plastidic glycolysis was suggested by the observation that pea leaf PFK p is light inactivated, an effect that could be mimicked by the addition of dithiothreitol to darkened chloroplasts (62). The discovery of a cytosolic-specific thioredoxin h suggests that this form of covalent modification could potentially regulate cytosolic glycolytic enzymes (107). Of note are reports that reduced thiol groups (a) cause a sixfold activation of cytosolic NAD-GAPDH from roots of Mesembyanthemum crystallinum (2b), (b) elicit maximal activation of tomato fruit and wheat endosperm PFP by Fru-2,6-P 2 (75) , and (c) protect potato tuber PFP from dilution-dependent declines in intrinsic fluorescence and activity through stabilization of the enzyme's native 460-kDa heterooctameric form (113).
Protein phosphorylation-dephosphorylation plays a central role in regulation of cellular metabolism in all cells (67, 107). Of relevance here is the hormonal regulation of animal glycolytic enzymes such as PK by phosphorylation (48). Moreover, at least ten plant enzymes, including the cytosoliclocalized sucrose phosphate synthase and PEP carboxykinase have been shown, or strongly suggested, to be controlled by reversible phosphorylation in vivo (67, 144). As summarized in this volume (30) and elsewhere (67, 83), this mechanism of regulation appears to apply to all higher plant PEPCs examined to date. Phosphorylation has also been invoked as a possible explanation for the disparity between enolase protein levels and activities found in developing R. communis seeds and M. crystallinum roots (47, 93). Although the anaerobically induced enolase from Echinochloa phyllopogon has been phosphorylated in vitro by an endogenous protein kinase, it remains to be established whether this process also occurs in vivo (100). 32 P-labeling and kinetic studies have determined that PK c is not phosphorylated in vivo in aerobic or anoxic germinating R. communis endosperms (115). This is consistent with the absence in potato PK c of a phosphorylation consensus sequence that is found in yeast PK (16). Although the phosphorylation site of the yeast PK does align with a similar motif on the deduced amino acid sequence for a R. communis developing seed PK p (15), attempts to phosphorylate R. communis PK p by incubating isolated intact leucoplasts or leucoplast lysates with [γ-32 P]-ATP have proved unsuccessful (FB Negm & WC Plaxton, unpublished observations). Nevertheless, these results do not eliminate the possibility of plant PK c or PK p being phosphorylated in other tissues or under other physiological conditions. Relatively little research has been done with regard to phosphorylation of other plant glycolytic enzymes, particularly PFK and PFP.
Fine control #6: reversible associations of metabolically sequential enzymes
Association of glycolytic enzymes into multienzyme complexes (or "meta bolons") has also been proposed as a mechanism to control glycolytic flux (48, 92, 107). In particular, glycolytic enzymes in muscle cells are thought to form transient complexes on contractile proteins during contraction-induced stimulation of glycolysis (48, 107). Thus, restricted diffusion or even direct transfer (or "channeling") of intermediates can occur between active sites of sequential enzymes. In addition to the possible kinetic advantages, channeling may reduce the concentration of the channeled intermediates in the bulk solution, thus sparing the limited solvent capacity of the cell. Channeling may also alter enzyme kinetic properties because of conformation changes occurring during binding (64, 107) . Although the existence of a complete glycolytic metabolon is doubtful, it seems evident that physical interactions between groups of sequential glycolytic enzymes such as PFK, ALD, and/or NAD-GAPDH can occur in vivo in animal cells (48). The recent development of a metabolic control theory for muscle concluded that flux control coefficients for enzymes of channeled pathways are usually larger than those in the corresponding nonchanneled pathway (74) .
This mechanism of regulation also appears to be involved in the control of several plant metabolic pathways, including the Calvin cycle and aromatic biosynthesis (2a, 64, 107 ). Yet, few researchers have considered how it might apply to plant glycolysis. Kinetic and physical studies of homogeneous enzymes indicated that NADP-GAPDH, triose phosphate isomerase, and ALD interact during glycolysis in the chloroplast of Pisum sativum (2a) and that NAD-GAPDH and 3-PGA kinase form a specific complex in the cytosol of germinating mung beans (89). Furthermore, the well-characterized stimulation of respiration that accompanies aging of carrot and sugar beet storage root slices was suggested to arise, in part, from an interaction between cytosolic glycolytic enzymes (96). A subsequent study applied the techniques of immunoaffinity chromatography and immunoblotting to demonstrate that ALD c may specifically interact with the metabolically sequential PFK c and PFP in carrot storage roots (99). Evidence also indicates that ALD c specifically associates with cytosolic FBPase in the gluconeogenic endosperm of germinating R. communis seeds (95). Whether interactions between plant glycolytic and gluconeogenic enzymes occur in vivo remains to be established.
OVERVIEW OF THE FINE METABOLIC CONTROL OF NONPLANT VS PLANT GLYCO-
LYSIS A notable discrepancy in the fine control of nonplant vs plant glycolysis is that the overall regulation exerted by respective enzymes involved in Fru-6-P and PEP metabolism appears to be reversed (Figure 2) . In nonplant systems such as mammalian liver (Figure 2a) , primary control of glycolytic flux to pyruvate is believed to be mediated by PFK, with secondary control at PK (48, 111). Activa-PLANT GLYCOLYSIS 203 tion of PFK enhances the level of its product, Fru-1,6-P 2 , which is a potent feedforward allosteric activator of the majority of nonplant PKs examined to date (Figure 2a) . In contrast, quantification of changes in levels of glycolytic intermediates that occur following stimulation of glycolytic flux in green algae (50, 68), ripening fruit (11), aged storage root slices (1), R. communis cotyledons (51), and Chenopodium rubrum suspension cell cultures (59) consistently demonstrate that plant glycolysis is controlled from the "bottom up" with primary and secondary regulation exerted at the levels of PEP and Fru-6-P utilization, respectively (Figure 2b ). These findings are compatible with the potent allosteric inhibition by PEP of many isolated plant PFK p s and PFK c s (32, 39, 60, 143). Enhancement in the activity of PK or PEPC (or other enzymes that metabolize PEP) relieves the PEP inhibition of PFK and thereby allows the glycolysis of hexose-P to proceed (Figure 2b ). Reduced cytosolic PEP levels also cause elevated Fru-2,6-P 2 levels (and thus possible PFP activation) because a drop in PEP results in a fall in 3-PGA (these metabolites are at equilibrium in vivo) (51, 59). 3-PGA is a potent inhibitor of 6-phosphofructo-2-kinase (135) . This regulatory scenario is consistent with the fact that, unlike many nonplant PKs, no plant PK has ever been found to be activated by Fru-1,6-P 2 (10, 69a, 86, 111, 115, 119, 149). In fact, homogeneous PK c from endosperm of germinating R. communis seeds exhibits a kinetic reaction mechanism similar to that described for the Fru-1,6-P 2 -activated yeast PK (116). One conceivable benefit of bottom up regulation of glycolysis is that it permits plants to regulate net glycolytic flux to pyruvate independent of related metabolic processes such as the Calvin cycle and sucrose-triose phosphate-starch interconversion.
TISSUE-AND DEVELOPMENTAL-SPECIFIC ISOZYMES OF KEY GLYCOLYTIC EN-
ZYMES In animals, glycolytic isozymes are often expressed in a tissue-and/or developmental-specific manner. Such isozymes are frequently characterized by unique kinetic and regulatory properties, closely matching the cell's metabolic requirements in each situation. For example, different isozymes of mammalian hexokinase, PFK, and PK are separately expressed in tissues such as brain, kidney, liver, and muscle (48). These isozymes can be encoded by independent genes or by one gene. In the latter case the different isozymes arise via posttranscriptional or posttranslational processes (48). Relatively little is known about the existence, functions, or genetic basis for tissue-or developmental-specific isozymes of plant glycolytic enzymes. Several lines of evidence suggest that these isozymes could be important in contributing to cell-specific metabolism in higher plants. For example, organand developmental-specific changes in the proportion of several hexokinase isozymes have been proposed to contribute to the regulation of hexose metabolism in the potato plant (121). Similarly, PEPC is encoded by a small mul-tigene family; the expression of each member is controlled by exogenous and/or endogenous stimuli in a tissue-specific fashion (30, 83). In addition, endosperm-, cotyledon-, and leaf-specific isozymes of R. communis PK c that exhibit marked differences in their respective physical and kinetic/regulatory characteristics have been purified and characterized (65, 115, 116, 119). These results are consistent with Southern blot studies indicating the existence of at least six PK c genes in potato (31). Likewise, kinetic and/or immunological studies suggested that distinct isozymes of PFK p and PK p are expressed in leaves and developing seeds of R. communis (76, 78, 110a) . Different isoforms of PFP showing unique physical and kinetic characteristics are expressed during seed germination (19, 21, 24, 118), fruit ripening (147), or following exposure to environmental stresses such as anoxia (18), or Pi starvation (137, 139, 140) . Evidently, elucidation of plant glycolytic regulation requires the purification and characterization of the various control enzymes on a tissue-by-tissue basis.
PRACTICAL ASPECTS OF PLANT GLYCOLYTIC ENZYMOLOGY
Formulation of models for glycolytic control has traditionally been based on combining quantification of in vivo concentrations of enzymes, substrates, products, and effectors with in vitro studies of the kinetic and regulatory properties of the purified key enzymes. The need to ensure that measurements of metabolites and enzymes are reliable and authenticated, particularly if these values are to be used in any application of metabolic control analysis, was recently stressed (6). Nevertheless, determining what glycolytic enzymes characterized in vitro actually do in situ remains a problem.
Errors and Artifacts in Assays of Glycolytic Enzymes
The in vitro activities of most glycolytic enzymes are usually assessed with coupled spectrophotometric assays based upon the differential absorbance of NAD(P) and NAD(P)H. These assays are fraught with potential artifacts that may arise from contamination of substrates, cofactors, and/or coupling enzymes. As a result, erroneous biochemical and physiological conclusions concerning plant enzymes such as PFK c , PFK p , and PFP (80) have been published. Kruger (80) recently summarized important criteria for establishing optimal assay conditions, ensuring that the coupled assay accurately reflects enzyme activity, and identifying artifacts resulting from contaminants that exist in coupled assay components.
Protease and Dilution Problems
Large multimeric regulatory proteins such as PFK, PFP, PK, and PEPC are susceptible to artifactual posttranslation modifications such as proteolysis as well as dilution-dependent alterations in their oligomeric structure. Very minor proteolysis can have profound effects on the allosteric properties of a plant regulatory enzyme (110b), indicating that kinetic data obtained with partially degraded enzymes are of dubious significance. Moreover, many different protease inhibitors may need to be screened to identify one that effectively suppresses proteolysis of a specific enzyme in vitro (109, 110b) . Plant glycolytic enzymes that have been shown to be vulnerable to partial degradation by endogenous proteases during their extraction, purification at 4°C, and/or storage at −20°C include developing R. communis seed PK p (103, 109) and potato tuber and B. nigra suspension cell PFP (113; ME Theodorou & WC Plaxton, unpublished data). Similarly, the N-terminal phosphorylation domain of various PEPCs is very prone to proteolysis during the enzyme's purification in the absence of specific protease inhibitors (30, 83) . Advice concerning the diagnosis and prevention of artifactual proteolysis of plant enzymes and the preparation and use of protease inhibitors was provided by Gray (54). Monitoring enzyme subunit size is facilitated by the availability of monospecific antibodies against the enzyme of interest. Such antibodies allow verification of the enzyme's subunit composition via immunoblotting of extracts prepared under completely denaturing conditions (84, 95, 109, 110b) .
The effect of protein concentration must also be considered because enzymes are present in vivo at far higher concentrations than they are during in vitro assays. Concentration-dependence is thought to be particularly significant for enzymes important in metabolic regulation, because their structure, and hence their kinetic properties, may be affected by protein-protein interactions (7, 63, 113, 117, 142) . The interactions between enzyme subunits that normally exist at the high protein concentrations prevailing in vivo can be specifically promoted in vitro by the addition of compatible solutes such as glycerol or polyethylene glycol (PEG) to the reaction mixture. The mechanism involves exclusion of the protein from the binary solvent, thus increasing the local enzyme concentration and favoring protein:protein interactions (7). The in vitro activities of rat liver PFK and PK, for instance, are enhanced by the presence of PEG (7). Few studies have examined the influence of enzyme concentration on the oligomeric and catalytic properties of plant glycolytic or gluconeogenic enzymes. Protein concentration does markedly influence the activity and/or aggregation state of various PEPCs (83) and Chlorella pyrensoidosa PFK (72) . The presence of 10% (v/v) glycerol, a compound that stabilizes the native homotetrameric structure of maize leaf PEPC (112) , activated homogeneous banana fruit PEPC by decreasing the K m (PEP) by threefold and the K a values for hexose-Ps by up to 7.5-fold, while greatly amplifying the ability of glucose-6-phosphate to relieve malate inhibition (84) . Similarly, the addition of 5% (w/v) PEG stabilized the native heterotetrameric structure of homogeneous R. communis endosperm PK c in dilute solutions, caused a 2.6-fold increase in V max and 12.5-and twofold reductions in K m values for PEP and ADP, respectively, and enhanced the enzyme's inhibition by MgATP (117). It was concluded that R. communis PK c activity and regulation are modified by extreme dilution in the assay medium lacking PEG as a result of partial dissociation of the native tetrameric enzyme (117). A rapid decline in the intrinsic fluorescence of homogeneous potato tuber PFP occurred in response to dilution. This was paralleled by a loss in activity and a concomitant disassociation of the native α 4 β 4 heterooctamer into the inactive free subunits; dissociation was followed by random aggregation of the subunits into an inactive, high-molecular-weight conglomerate (113). These dilution-dependent processes were prevented by the presence of 5% (w/v) PEG (113). The addition of PEG has also been shown to increase the substrate affinity of homogeneous cytosolic FBPase from germinating R. communis endosperm, through stabilization of the enzyme's native tetrameric structure (63). Thus, compatible solutes appear to aid examination of catalytic properties of regulatory oligomers in an in vitro environment that may be closer to the conditions prevailing in vivo.
OTHER FUNCTIONS FOR GLYCOLYTIC ENZYMES
Several animal proteins with functions not related to glycolysis have turned out to be encoded by genes identical to those for glycolytic enzymes. For example, (a) yeast hexokinase exhibits protein kinase activity; (b) the sequence of the growth factor neuroleukin is identical to that of mouse hexosephosphate isomerase; (c) enolase is a structural protein of the eye lens and in yeast is a heat shock protein that may confer thermotolerance; (d) the monomeric form of human NAD-GAPDH is a uracil DNA glycosylase, an enzyme involved in DNA repair; (e) yeast PK is involved in cell cycle control; and (f) the monomeric form of mammalian muscle-type PK is a thyroid hormone-binding protein, and the conversion of inactive PK monomer to active PK tetramer is promoted by its allosteric activator, Fru-1,6-P 2 (48). Thus some plant glycolytic enzymes may also have nonglycolytic functions in vivo.
Enolase from E. phyllopogon is induced by anoxia as well as by cold and heat shock and may act as a general stress protein that protects cellular components at the structural level (49, 132). Furthermore, immunolocalization studies indicated that in addition to their cytosolic and chloroplastic compartments, 3-PGA kinase, NAD-GAPDH, and ALD are located in the nucleus of leaf mesophyll cells of P. sativum (2c). It was postulated that these enzymes are nuclear proteins with secondary roles not directly related to their enzymatic functions in carbohydrate metabolism.
CONCLUDING REMARKS
Despite the remarkable progress in analysis of the organization and regulation of plant glycolysis, many complex issues remain. Developments in molecular genetics have led to exciting new strategies. Five years ago, little was known about the primary structure of the key regulatory enzymes. Since then, the primary structures of the subunit(s) of PFP, PK c , PK p , and PEPC have been deduced from the respective cDNA sequences. This information in turn has provided new insights into molecular mechanisms of catalysis and regulation of these proteins. Isolation of cDNAs for enzymes has also permitted the quantification of specific mRNAs, analyses of their gene expression, and elucidation of requirements for import into plastids. Nuclear genes encoding several of these enzymes have been sequenced, and their promoter regions are being characterized. Transformation of plants with sense or antisense cDNA constructs provides new information on the functions and control of these enzymes in vivo. In addition, there is a practical interest in genetically modifying crops to over-or underexpress glycolytic enzymes in order to redirect the flux of photosynthate into economically important endproducts such as starch, triglycerides, and protein.
Although significant advances in our understanding of plant glycolysis are facilitated by molecular genetics, it is imperative that future workers continue to examine physiological aspects of glycolysis. We also require further purification and characterization of the cell-and/or developmental-specific isozymes that regulate cytosolic and plastidic glycolytic flux. Not only does enzyme purification lead to the production of crucial tools for the molecular biologist (e.g. antibodies), but together with the appropriate kinetic and physiological studies it also serves to establish the control mechanisms that regulate glycolysis in vivo. Only when these basic mechanisms are understood will the ongoing efforts of plant molecular biologists be fully realized. 
